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Acipenser sinensis and Acipenser dabryanus are critically endangered species, so 
 germplasm conservation via cryopreservation of sperm is necessary. Disaccharides 
can act as membrane- impermeable cryoprotectants, and enolase3 (ENO3) and plasma 
membrane Ca2+ ATPase isoform (PMCA2) are proteins associated with sperm quality. 
We considered seven characteristics of sperm quality in cultured brood stock from 
A. sinensis and A. dabryanus. We tested use of sucrose or trehalose alone and in com-
bination at different concentrations for cryopreservation of A. dabryanus sperm. A low 
concentration of sucrose plus trehalose (S15T15) was optimal. Mixing of the extender 
with sucrose, lactose, or trehalose alone or with pairwise mixtures revealed that a 
mixture of lactose and trehalose (L15T15) gave the best results for both A. sinensis and 
A. dabryanus. Enolase3 and PMCA2 expression levels were measured in cryopreserved 
A. sinensis sperm via Western blotting. Relative ENO3 and PMCA2 expression levels 
were examined, and the relationship between disaccharide composition, sperm quality 
and protein expression was explored in A. sinensis. The results showed that relative 
ENO3 and PMCA2 expression levels were the highest at L15T15 in cryopreserved 
A. sinensis sperm. There were significant positive correlations between ENO3 expres-
sion and percentage membrane integrity, and between PMCA2 expression and sperm 
motility parameters (percentage of motile sperm, curvilinear velocity, straight- line 
 velocity and average path velocity; p < .05) in cryopreserved A. sinensis sperm. Our 
results indicate the optimal disaccharide combination and concentrations for cryo-
preservation of A. sinensis and A. dabryanus sperm and suggest that ENO3 and PMCA2 
expression levels could serve as a valuable indicator of sperm quality in A. sinensis.
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1  | INTRODUCTION
Chinese sturgeon Acipenser sinensis (Gray, 1835) and Dabry’s 
sturgeon Acipenser dabryanus (Duméril, 1869) belong to the 
Osteichthyes, Actinopterygii, Chondrostei, Acipenseriformes, 
Acipenserini and Acipenser were listed in Class I of the National 
Protected Animals in 1988 (Wei et al., 1997) and were critically 
endangered according to the IUCN red list of threatened species. 
Protecting the endangered species, such as A. sinensis and A. dab-
ryanus, is often hindered by the lack of male gametes during the 
breeding season and an inability to preserve germplasm resources 
long- term. Cryopreservation is a well- known means of preserving 
germplasm and has applications in animal husbandry, aquaculture, 
biotechnology and the conservation of threatened species (Holt, 
1997).
Cryopreservation of sperm can guarantee a constant supply of 
sperm for conserve genetic diversity and the genetic improvement 
of animal resources (Cabrita et al., 2010) and enables reliable tech-
nologies for conserving certain endangered sturgeon species and for 
artificial reproduction in sturgeon farms (Billard, Cosson, Noveiri, 
& Pourkazemi, 2004). There have been many successful reports on 
the sperm cryopreservation of fish since Mounib began to study the 
sperm cryopreservation of coalfish in the 1950s (Mounib, 1978). 
There are many published articles describe sperm cryopreservation 
in sturgeon as a biological tool to preserve germ cells and maintain 
gene banking due to lack of sturgeon brood- fish (Alavi et al., 2012; 
Billard et al., 2004). Sperm cryopreservation techniques are well de-
veloped for many fish species, including sturgeon, and are crucial 
for resource conservation and aquaculture practices (Aramli, Nazari, 
& Gharibi, 2015; Aramlia & Nazarib, 2014; Glogowski et al., 2002; 
Huang et al., 2014; Lahnsteiner, Berger, Horvath, & Urbanyi, 2004). 
However, few studies are known to research the cryopreservation 
of A. sinensis and A. dabryanus sperm. The present review was to 
establish reliable technologies for the conservation of endangered 
A. sinensis and A. dabryanus, and for artificial reproduction in stur-
geon farms.
Although cryopreservation of sperm plays an important role 
in the conservation of endangered animals such as A. sinensis and 
A. dabryanus, it is inevitable that it will cause biochemical and 
functional damage to the spermatozoa, leading to a reduction in 
their motility, speed of movement and fertility (Leboeuf, Restall, & 
Salamon, 2000; Li et al., 2010). In order to improve the protocol 
to reduce the sperm damage suffered in the freezing process, we 
incorporated the sugars in the study as some reports have shown 
that cryodamage resulting from freezing and thawing sperm can 
be minimized by adding non- permeable cryoprotectants such as 
sugars (Jafaroghli, Khalili, Farshad, & Zamiri, 2011; Malo et al., 
2010). Because sugars are generally nontoxic and can be catab-
olized by cells, their protective effect in cryopreservation has 
been the subject of many studies. De Leeuw, De Leeuw, Den 
Daas, Colenbrander, and Verkleij (1993) have shown that sugars 
may act as membrane stabilizers to protect cell membranes at 
low temperatures and can improve the process of cryopreserva-
tion (Anchordoguy, Rudolph, Carpenter, & Crowe, 1987; Crowe 
et al., 1988; Woelders, Matthijs, & Engel, 1997). Sugars stabilize 
membranes by interacting with the polar head groups of plasma 
membrane phospholipids at low hydration to form a glass (vitri-
fication), by depressing the membrane phase transition tempera-
ture of dry lipids and by providing energy for the sperm during 
incubation (Aisen, Medina, & Venturino, 2002; Molinia, Evans, 
Quintana Casares, & Maxwell, 1994). Some research has shown 
that disaccharides are generally more effective than monosaccha-
rides in protecting spermatozoa during cryopreservation (Browne, 
Clulow, & Mahony, 2002; Gómez- Fernández, Gómez- Izquierdo, 
Tomás, Mocé, & de Mercado, 2012). For aquatic species, Nynca 
et al. (2016) found that disaccharides are more efficient than glu-
cose for preserving of whitefish post- thaw motility.
Of the many disaccharides, sucrose has been widely used in the 
cryopreservation of sturgeon sperm (Alavi, Cosson, Karami, Amiri, & 
Akhoundzadeh, 2004; Billard et al., 2004; Boryshpolets et al., 2011; 
Tsvetkova, Cosson, Linhart, & Billard, 1996). Trehalose has reported 
to improve post- thaw sperm characteristics in mammals such as 
sheep (Aisen et al., 2002), mice (Hino, Takabe, Suzuki- Migishima, 
& Yokoyama, 2007), dog (Yildiz, Kaya, Aksoy, & Tekeli, 2000), boar 
(Gutierrez- Perez, Juarez- Mosqueda Mde, Carvajal, & Ortega, 2009), 
cattle (Oh et al., 2012) and so on. Trehalose is also used in the cryo-
preservation of some fish sperm (Lichtenstein, Elisio, & Miranda, 
2010; Miyaki, Nakano, Ohta, & Kurokura, 2005), but has not yet 
been studied in sturgeon. Lactose is a disaccharide whose mono-
saccharide composition and monosaccharide linkages differ from su-
crose and trehalose. Lactose was highly effective in protecting boar 
sperm during cryopreservation (Gómez- Fernández et al., 2012), but 
has not been studied in fish and sturgeon.
Proteins are very promising biomarkers for predictive of sperm 
quality. Sperm fertility can be predicted by TEX101 protein (en-
coded by testis expressed 101 gene) in human (Schiza, Jarvi, 
Diamandis, & Drabovich, 2014), enolase1 (ENO1) in bull (Rahman, 
Kwon, & Pang, 2017), cytochrome bc1 complex subunit 2 (UQCRC2) 
in boars (Rahman et al., 2017) and so on. The specific finding is that 
ENO1 was a good marker to predict human sperm freezability (Jiang 
et al., 2015) and plasma membrane Ca2+- ATPase (PMCA) associated 
with sperm quality in mouse (Tempel & Shilling, 2007). While in fish, 
quality- related protein markers are still very few up to now.
In this study, we evaluated the cryopreservation of A. sinesis and 
A. dabryanus sperm in the presence of three disaccharides (sucrose, 
lactose and trehalose) in an attempt to decrease and control the 
damaging effects of the freezing process on sturgeon sperm. At the 
same time, we measured the expression levels of enolase3 (ENO3) 
and plasma membrane Ca2+ ATPase isoform (PMCA2) in cryopre-
served A. sinensis sperm and studied the relationship between di-
saccharide composition, sperm quality characteristics (percentage 
of motile sperm, curvilinear velocity [VCL], straight- line velocity 
[VSL], average path velocity [VAP], acrosome integrity, membrane 
integrity and fertilization rate) and their expression levels.
474  |     XI et al.
2  | MATERIALS AND METHODS
2.1 | Materials
Tris, sucrose and trehalose were obtained from Sigma- Aldrich (St. 
Louis, MO, USA), and lactose and KCl from Sinopharm Chemical 
Reagent Co., Ltd (Shanghai, China), they were all prepared with dis-
tilled water. The fluorescent probe isothiocyanate- conjugated pea-
nut agglutinin (FITC- PNA) was obtained from Vector Laboratories 
(Burlingame, CA, USA). The other materials were otherwise stated.
2.2 | Sperm collection
The mature male A. sinensis and A. dabryanus used in this study were 
cultured in The Hatchery for Chinese Sturgeon at Jing Zhou, Yangtze 
River Fisheries Research Institute, Chinese Academy of Fisheries 
Science. The water temperature in the brood- stock spawning pool was 
maintained at 20.5°C, with 6.42 mg/L dissolved oxygen. Maturation 
and spawning were induced using an intramuscular injection of ap-
proximately 5 μg/kg of luteinizing hormone- releasing hormone A2 
(LRH- A2) and 0.5 mg/kg domperidone (DOM). The response time to 
the intramuscular hormone injection was approximately 12 hr. The 
sperm obtained from five individuals of each species by gentle abdomi-
nal massage, taking special care to avoid blood, urine or faeces con-
tamination. Sperm motility was determined subjectively using a light 
microscope at 20× magnification, and sperm samples showing less than 
80% motility were discarded. Experimental procedures were approved 
by the Hubei Province Association for Laboratory Animal Sciences.
In April 2014, three male sperm samples of A. dabryanus were col-
lected and then mixed with the extender, and the extender was supple-
mented with either 0.03 mol/L, 0.06 mol/L or 0.09 mol/L of sucrose 
or trehalose alone, and in combination (0.015 mol/L + 0.015 mol/L, 
0.03 mol/L + 0.03 mol/L and 0.045 mol/L + 0.045 mol/L). In 
October 2014, three male sperm samples of A. sinensis were col-
lected and then mixed with the extender, and the extender was sup-
plemented with 0.03 mol/L of sucrose, lactose or trehalose alone, 
and with pairwise mixtures (0.015 mol/L + 0.015 mol/L). In April 
2015, three male sperm samples of A. dabryanus were collected 
and then mixed with the extender, and the extender was supple-
mented with 0.03 mol/L of sucrose, lactose or trehalose alone, 
and with pairwise mixtures (0.015 mol/L + 0.015 mol/L). In April 
2016, one male sperm sample of A. dabryanus was collected and 
then mixed with the extender, and the extender was supplemented 
with either 0.03 mol/L, 0.06 mol/L or 0.09 mol/L of sucrose or 
trehalose alone, and in combination (0.015 mol/L + 0.015 mol/L, 
0.03 mol/L + 0.03 mol/L and 0.045 mol/L + 0.045 mol/L). In addi-
tion, two male sperm samples of A. dabryanus were collected and 
then mixed with the extender, and the extender was supplemented 
with 0.03 mol/L of sucrose, lactose or trehalose alone, and with pair-
wise mixtures (0.015 mol/L + 0.015 mol/L). In October 2016, two 
male sperm samples of A. sinensis were collected and then mixed with 
the extender, and the extender was supplemented with 0.03 mol/L 
of sucrose, lactose or trehalose alone, and with pairwise mixtures 
(0.015 mol/L + 0.015 mol/L).
2.3 | General procedure for sperm 
freezing and thawing
Adapted from Glogowski et al. (2002) and my exploration, the ex-
perimental method of the general procedure for sperm freezing and 
thawing was summarized. Sperm samples were diluted 1:1 with the 
extender at 0–4°C. Previously, Liu, Wei, Guo, Zhang, and Zhang 
(2006) found that a certain amount of potassium ions must be in the 
extender to avoid Chinese sturgeon sperm from being activated in 
cryopreservation. Simultaneously, several reports indicate that the 
extender employed in cryopreservation of sturgeon sperm is largely 
consisting of potassium ions and sucrose buffered by Tris in methanol 
(Glogowski et al., 2002; Psenicka et al., 2008). Therefore, in this study, 
the extender consists of 0.02 mol/L Tris, 10% v/v methanol, KCl and 
disaccharides, pH = 8.1. The concentration of KCl and disaccharides 
of the experiments is shown in Table 1.
The mixed sperm and extender were loaded into 0.5 ml plastic 
straws, placed on a 3 cm high frame made of styrofoam and equili-
brated for 10 min on ice. The straws were then floated on the sur-
face of a liquid nitrogen bath for 20 min and afterwards immediately 
TABLE  1 The concentration of disaccharides and sodium chloride in different treatments,different species and different experiments. Each 
treatment has its own code, and each code represents a certain amount of disaccharide and sodium chloride
Species Treatment
Disaccharides and sodium  
chloride (mmol/L) Species Treatment
Disaccharides and sodium chloride 
(mmol/L)
Experiment 1: 
Acipenser 
Dabryanus
S30 30 Sucrose+1 KCl Experiment 2: 
Acipenser 
Sinensis and 
Acipenser 
Dabryanus
S30 30 Sucrose+2- 5 KCl
S60 60 Sucrose+1 KCl L30 30 Lactose+2- 5 KCl
S90 90 Sucrose+1 KCl T30 30 Trehalose+2- 5 KCl
T30 30 Trehalose+1 KCl S15L15 15 Sucrose+15 Lactose+2- 5 KCl
T60 60 Trehalose+1 KCl S15T15 15 Sucrose+15 Trehalose+2- 5 KCl
T90 90 Trehalose+1 KCl L15T15 15 Lactose +15Trehalose+2- 5 KCl
S15T15 15 Sucrose+15 Trehalose+1 KCl
S30T30 30 Sucrose+30 Trehalose+1 KCl
S45T45 45 Sucrose+45 Trehalose+1 KCl
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immersed in liquid nitrogen. The straws were then thawed in a water 
bath at 40°C for 7 s.
2.4 | Analysis of sperm motility
Sperm motility characteristics were measured using a computer- 
assisted sperm analysis device (CASA, Leica DM2500, Germany; JVC 
TK- U890EG, Japan; FSQAS- 2000, China) and activated with distilled 
water. The sperm motility characteristics, including percentage of 
motile sperm, curvilinear velocity (VCL), straight- line velocity (VSL) 
and average path velocity (VAP), were measured over a four- second 
 period, between 10 and 14 s after activation.
Video was analysed by fish sperm colour image analysis system 
(FSQAS- 2000) (Chinese Academy of Fishery Sciences, Yangtze River 
Fisheries Research Institute and Wuhan one thousand Screen Imaging 
Technology Co., Ltd. jointly developed). One sequence of images is 
captured per 15 s, and each image sequence is 3 s, 72 frames. The sys-
tem detection function was set to minimum 25 pixels, and the current 
threshold 150 with the interval at 15 s.
2.5 | Analysis of sperm fertilization rate
During artificial reproduction of A. sinensis and A. dabryanus, fe-
males from 2014 to 2016, a total of twelve A. sinensis and fifteen 
A. dabryanus artificial- induced spawning, select the eggs with bet-
ter quality conduct experiment. Females induced to ovulate first 
by an intramuscular injection of 5 μg/kg luteinizing hormone- 
releasing hormone A2 (LRH- A2), 24 hr before stripping and then by 
a second intramuscular injection of 1 mg/kg domperidone (DOM), 
9 μg/kg luteinizing hormone- releasing hormone A2 (LRH- A2) and 
1 mg/kg of vitamin B1, 12 hr before stripping. Eggs were obtained 
by abdominal massage, hold with dry bowls and divided into small 
portions; each part weighs approximately 2 g in A. sinensis and 
1.8 g in A. dabryanus (the number of eggs is 70 to 100). The cryo-
preserved sperm was thawed in a water bath at 40°C for 7 s and 
added to the eggs. The spermatozoa- to- egg ratio was 105:1 (the 
sperm density is determined according to the haema- cytometric 
method). It is important to make sure that the eggs used for each 
male fish in each experiment were derived from the same female. 
All fertilization trials did in duplicate and the fertilization rates 
were measured at Stage 17—the small yolk plug period, as the 
morphological characteristics of Stage 17 were easy to observe.
2.6 | Evaluation of the integrity of the acrosome
Adapted from Merkl, Ertl, Handschuh, Aurich, and Schafer- Somi 
(2016) and my exploration, the experimental method of the sperm 
acrosome integrity was summarized. Acrosome status was exam-
ined using the fluorescent probe isothiocyanate- conjugated pea-
nut agglutinate (FITC- PNA) and 4′, 6- diamidino- 2- phenylindole 
(DAPI). The experimental procedure was as follows: (i) the sperm 
was diluted with the extender (containing 0.02 mol/L Tris, KCl and 
disaccharides, pH 8.1), and then, 30 μl of suspension was placed on 
a glass slide and left to dry; (ii) 30 μl of anhydrous methanol was 
added to the glass slide, fixed for 5 min and left to dry; (iii) 30 μl of 
FITC- PNA dye bath (500 μg/ml) was added and incubated in a dark 
humid environment for 20–30 min; (iv) the slide was washed with 
PBS, and then stained with DAPI (1:500), under a cover slip; and 
(v) the slide was observed under a fluorescent microscope (1000×), 
at least 200 sperm counted, and the percentage of sperm with in-
tact acrosomes was recorded, the count being repeated five times. 
Sperm exhibiting a uniform FITC- PNA green fluorescence was con-
sidered to have intact acrosomes, while those showing no visible 
fluorescence were recorded as having lost or damaged acrosome 
(Figure 1).
2.7 | Evaluation of plasma membrane integrity
Adapted from Moustacas et al. (2011) and my exploration, the ex-
perimental method of the sperm plasma membrane integrity was 
summarized. The sperm membrane integrity was assessed using pro-
pidium iodide (PI). Samples of 1 μl sperm were mixed with PI solution, 
covered with a cover slip and observed under a fluorescent micro-
scope (400×). At least 200 sperm was counted and the percentage of 
sperm with intact plasma membranes was recorded, the count being 
repeated five times. Sperm that was slender and not stained with red 
fluorescence have intact membrane, while in contrast, those stained 
with red fluorescence were classified as having damaged membranes 
(Figure 2).
2.8 | Western blot
Adapted from Petit, Serres, Bourgeon, Pineau, and Auer (2013) and 
my exploration, the experimental method of Western blot analy-
sis was summarized. For protein analysis, the thawed sperm were 
centrifuged (68 g, 4°C, 10 min) and the supernatant was discarded. 
The pellet was resuspended with lysis buffer (4°C) for 30 min to 
extract sperm proteins and then was sonicated in an ice bath for 
15 min. After centrifugation (12000 rpm, 15 min, 4°C), protein ex-
tract was mixed with 5 × SDS loading buffer, boiled for 5 min. Then 
the protein concentration was measured on a microtitre plate using 
a bicinchoninic acid (BCA) kit (Beyotime Institute of Biotechnology, 
Jiangsu, China) according to the manufacturer’s instructions. SDS- 
PAGE was performed to decide the molecular weight and relative 
content of various sperm proteins. Equal amounts of total proteins 
from each sperm sample were separated by electrophoresis on a 
10% SDS- PAGE gel. Pre- stained protein marker (Thermo Fisher 
Scientific, Waltham, MA, USA) was used as a molecular weight 
standard.
After the sperm proteins separated on a 10% SDS–PAGE gel, 
the proteins were transferred to a nitrocellulose (NC) membrane at 
200 mA for 90 min in the transfer buffer. The membrane was then 
blocked for 60 min in blocking buffer (Tris- buffered saline with tween 
[TBST] with 5% milk) and then incubated at 4°C overnight with the 
rabbit monoclonal anti- EN03 or anti- PMCA2 antibody (Proteintech 
Group, Wuhan, Hubei), which diluted to 1:1000 (v:v) in the blocking 
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buffer. Then the membrane was washed three times with TBST for 
10 min each time and incubated with the goat conjugate anti- rabbit 
IgG- horseradish peroxidase (HRP) (1:5000 diluted in the blocking buf-
fer) for 1 hr at room temperature. Finally, the membrane was washed 
three times with TBST for 10 min each time. Take the same amount 
of enhanced luminol reagent and oxidizing reagent, dilute with the 
proper amount of ddH2O, mix and drop on the sealing film. The PVDF 
film was placed face down in contact with the luminescent reagent, 
left for 90-120 sec, then the PVDF film was turned over and a gel 
F IGURE  1 Calculation of the percentage of acrosome integrity, 
(a) all of the sperm nuclei were dyed blue by DAPI, (b) the sperm with 
acrosome had uniform FITC- PNA green fluorescence and (ab) the 
overlap of a and b
(a)
(b)
(ab)
F IGURE  2 Calculation of the percentage of membrane 
integrity, (a) all of the sperm, (b) spermatozoa stained by PI with red 
fluorescence and (ab) spermatozoa with intact membranes were 
not stained by PI with red fluorescence, while those stained were 
classified as having damaged membranes
(a)
(b)
(ab)
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imaging system (Bio-Rad, Hercules, CA, USA) to see the results (Figure 
6).
2.9 | Statistical analysis
The data were analysed using the software package SPSS 16.0 for 
windows. Significant differences in percentage of motile sperm, curvi-
linear velocity (VCL), straight- line velocity (VSL), average path veloc-
ity (VAP), acrosome integrity, membrane integrity, fertilization rate, 
expression levels of ENO3 and expression levels of PMCA2 between 
frozen- thawed sperm samples were determined using Univariate and 
the DUCAN test (p < .05). The relationships between expression lev-
els of the two proteins (ENO3 and PMCA2) and other sperm charac-
teristics were examined using the Pearson analysis (p < .05).
3  | RESULTS
In experiment 1 (Figure 3), the S15T15 and S30T30 treatments showed 
higher percentages of motile sperm after thawing than the other 
treatments and were significantly higher than those treated with S90 
(p < .05). The highest VCL was recorded for the S15T15 treatment and 
was significantly higher than the S30, T60 and T90 treatment (p < .05). 
The S15T15, S30T30 and S45T45 treatments showed significant better 
integrity of the plasma membrane (p < .05). The S45T45 treatment 
showed higher VSL than the other treatments and was significantly 
higher than the T60 treatment (p < .05). Samples frozen in S15T15 and 
S30T30 showed a higher percentage of sperm fertility and were signifi-
cantly higher than in the S60 and S45T45 treatments (p < .05). The sperm 
fertility in the S15T15 (27.97 ± 18.54) and S30T30 (29.05 ± 17.62) treat-
ments was 82%–85% of that of fresh sperm (34.16 ± 18.65).Taken 
together, the results showed that the extender containing S15T15 had 
the optimal effect in terms of the percentage of motile sperm, high 
sperm curvilinear velocity, integrity of plasma membrane and sperm 
fertility in A. dabryanus.
In experiment 2, for A. sinensis (Figure 4), the L15T15 treatment pro-
vided higher percentages of motile sperm after thawing than the other 
treatments and was significantly higher than S30 and L30 (p < .05). The 
highest VCL was recorded for the S15T15 and L15T15 treatments, which 
were significantly higher than the S30 and L30 treatments (p < .05). 
The L15T15 treatment improved the retention of plasma membrane 
integrity and was significantly better than the S30 and T30 treatments 
(p < .05). The L15T15 treatment resulted in greater numbers of intact 
acrosomes and was significantly better than the other treatments 
(p < .05). Samples frozen in L15T15 showed a higher percentage of 
sperm fertility and were significantly higher than in the S30 treatment 
(p < .05). The highest VSL and VAP were recorded for the L15T15 treat-
ment, which was significantly higher than the S30 and L30 treatments 
(p < .05). Taken together, the results showed that the extender con-
taining L15T15 provided superior cryoprotective activity compared 
with all the other treatments in A. sinensis sperm. In experiment 2, for 
A. dabryanus (Figure 5), the results showed significant improvement in 
the percentage of motile sperm in the S30, T30 and L15T15 treatments 
(p < .05). The highest VCL was recorded in the L15T15 treatment and 
was significantly higher than S30 (p < .05). The L15T15 treatments im-
proved the retention of plasma membrane integrity and were signifi-
cantly better than the other treatments (p < .05). The S15L15 and L15T15 
treatments improved the percentage of intact acrosomes compared 
with the others and were significantly better than the S15T15 treatment 
(p < .05). Samples frozen in L15T15 exhibited the highest percentage of 
fertile sperm and were significantly higher than in the S30 treatment 
(p < .05). Taken together, the results showed that the frozen- thawed 
sperm characteristics of A. dabryanus were improved by the use of the 
extender supplemented with L15T15.
In experiment 3 (Figure 6), the highest relative grey value of ENO3/
beta- actin was recorded in the L15T15 treatment and was significantly 
F IGURE  3 Evaluation of frozen- thawed 
sperm quality characteristics of nine 
different groups (S30, S60, S90, T30, T60, 
T90, S15T15, S30T30 and S45T45) in Acipenser 
dabryanus. Means of the nine different 
groups are expressed as columns. Means 
with different alphabetical superscripts are 
significantly different (Univariate–DUCAN 
test at p < .05). (a) Evaluation of frozen- 
thawed sperm fertilization, membrane 
integrity, motile and acrosome integrity 
of nine different groups in Acipenser 
dabryanus. (b) Evaluation of frozen- thawed 
sperm VCL, VSL and VAP of nine different 
groups in Acipenser dabryanus
(a)
(b)
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higher than S30 (p < .05). Samples frozen in L15T15 exhibited the highest 
relative grey value of PMCA2/beta- actin and were significantly higher 
than in the S30, L30 and T30 treatment (p < .05). Taken together, the 
results of experiment 3 showed that the expression levels of ENO3 
and PMCA2 were significantly higher by the use of the extender sup-
plemented with L15T15 than others in A. sinensis (p < .05). In addition, 
we analysed the correlation between relative grey value of two pro-
teins (ENO3/beta- actin and PMCA2/beta- actin) and sperm charac-
teristics (Table 2) and found significant positive correlations between 
ENO3 expression and percentage of plasma membrane integrity 
(R = .8883 p = .0180) (p < .05). And also, it has significant positive cor-
relations between PMCA2 expression and sperm motility (R = .8471, 
p = .0333[Percentage of motile sperm]; R = .9364, p = .0059[VCL]; 
R = .8800, p = .0207[VSL]; R = .9124, p = .0112[VAP]) (p < .05).
4  | DISCUSSION
Sturgeon sperm are different from freshwater teleost fish sperm 
in morphology (more complex structure and the presence of 
F IGURE  4 Evaluation of frozen- thawed 
sperm quality characteristics of six different 
groups (S30, L30, T30, S15L15, S15T15 and 
L15T15) in Acipenser Sinensis. Means of 
the six different groups are expressed as 
columns. Means with different alphabetical 
superscripts are significantly different 
(Univariate–DUCAN test at p < .05). 
(a) Evaluation of frozen- thawed sperm 
fertilization, membrane integrity, motile 
and acrosome integrity of six different 
groups in Acipenser Sinensis. (b) Evaluation 
of frozen- thawed sperm VCL, VSL and VAP 
of six different groups in Acipenser sinensis
(a)
(b)
F IGURE  5 Evaluation of frozen- thawed 
sperm quality characteristics of six different 
groups (S30, L30, T30, S15L15, S15T15 and 
L15T15) in Acipenser dabryanus. Means of 
the six different groups are expressed as 
columns. Means with different alphabetical 
superscripts are significantly different 
(Univariate–DUCAN test at p < .05). 
(a) Evaluation of frozen- thawed sperm 
fertilization, membrane integrity, motile 
and acrosome integrity of six different 
groups in A. dabryanus. (b) Evaluation of 
frozen- thawed sperm VCL, VSL and VAP of 
six different groups in Acipenser dabryanus
     |  479XI et al.
acrosome), physiology (longer duration of motility and acrosome re-
action) and biochemistry (the presence of acrosin and arylsulfatase) 
(Ciereszko, Dabrowski, Lin, & Doroshov, 1994; Dettlaff, Ginsburg, & 
Schmalhausen, 1993; Glogowski et al., 2002). In the cryoprotection 
of sperm, damage inflicted during freezing and thawing is usually 
due to ice crystal formation, osmotic stress and so on (Cosson et al., 
2008). Sugars can maintain the osmotic pressure of the diluents that 
induce cell dehydration and reduce the incidence of ice crystal for-
mation in the spermatozoa (Fuller, 2004; Leibo & Songsasen, 2002; 
Purdy, 2006). And Tsai, Chong, Meng, and Lin (2017) discussed sug-
ars as supplemental cryoprotectant for cryopreserving of the sperm 
of marine vertebrates. Alavi et al. (2012) summarized the cryopreser-
vation of nine sturgeon species and found that solutions containing 
NaCl, KCl and sucrose buffered with Tris–HCl up to 150 m mol/L 
(pH 8–8.5) have been frequently used as extender. In the cryopreser-
vation of sperm for osmotic pressure of the diluent, it is generally 
believed that when the osmotic pressure falls too low, the dilution 
medium cannot inhibit sperm movement, so that sperm become ac-
tive and consume energy, eventually leading to the loss of sperm 
motility and sperm death. A hypertonic extender can induce cell de-
hydration and avoid ice crystal formation in the spermatozoa, thus 
protecting sperm during cryopreservation. In support of this model, 
Molinia et al. (1994) and Aisen et al. (2002) have reported that the 
addition of a hypertonic extender maximized post- thaw motility of 
ram sperm. Others have suggested that the cryopreservation of goat 
sperm in hypertonic sucrose diluents was superior to that in isotonic 
extenders (Farshad & Akhondzadeh, 2008; Khalili, Farshad, Zamiri, 
Rashidi, & Fazeli, 2009). Furthermore, the too high osmotic pressure 
F IGURE  6 Western blot was used 
to detect the expression of ENO3 
and PMCA2 protein. (a) Western blot 
demonstrating the expression of ENO3 
and PMCA2 in Acipenser sinensis. Each 
lane represents an experimental group, 
and there are six groups. (b) The relative 
grey value of ENO3/beta- actin and 
PMCA2/beta- actin in the six groups was 
calculated and analysed whether there 
was a significant difference between the 
six groups. Means of the six different 
groups are expressed as columns. Means 
with different alphabetical superscripts are 
significantly different (Univariate–DUCAN 
test at p < .05)
(a)
(b)
TABLE  2 The statistical significance of correlations between sperm quality characteristics and the expression of the proteins (ENO3 and 
PMCA2)
Statistical 
signifi-
cance
Percentage of 
motile sperm
Percentage of 
acrosome integrity
Percentage of 
plasma membrane 
integrity Curvilinear velocity Straight- line velocity
Average 
path 
velocity
ENO3 R = .5362  
p = .2728
R = .7688  
p = .0740
R = .8883  
p = .0180
R = .6628  
p = .1514
R = .6394  
p = .1716
R = .6520 
p = .1606
PMCA2 R = .8471  
p = .0333
R = .7750  
p = .0702
R = .6279  
p = .1819
R = .9364  
p = .0059
R = .8800  
p = .0207
R = .9124 
p = .0112
Correlation analysis was performed using Pearson analysis (p < .05). Correlation coefficient (R) and significance value (p) are given in each column.
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will lead to excessive dehydration of sperm and results in damage. 
Therefore, osmotic pressure must be moderated during sperm cryo-
preservation. The striking difference between milt properties of 
sturgeons and teleost fish is the low osmolality of sturgeon semi-
nal plasma (Gallis, Fedrigo, Jatteau, Bonpunt, & Billard, 1991). In this 
study of the cryopreservation of A. sinensis and A. dabryanus sperm, 
a combination of low concentration disaccharides provides the best 
results, because the osmotic pressure of this two sturgeons sperm 
is kept relatively low, and a low concentration (0.03 mol/L) disac-
charide is sufficient to induce cell dehydration, giving better results 
than higher concentrations (0.06 mol/L, 0.09 mol/L) of disaccharide.
The formyl group of reducing sugars has a non- enzymatic brown 
reaction with the a- amino component of the protein, thus affecting 
the protein’s function. Therefore, the weaker the reducing ability of 
the sugar, the stronger the storage stability of the frozen storage sub-
stances (Langcong, Lijie, Xingan, & Bai, 1997). Lactose is a reducing 
sugar, while trehalose and sucrose are non- reducing sugars and pro-
vide unique, non- specific protection for organisms or biological macro-
molecules, producing a glassy protective layer on the outside of the cell 
membrane during freezing so as to improve cell tolerance to high os-
motic pressure. The combination of non- reducing sugar and reducing 
sugar can provide better protection for the sperm (Pan et al., 2015). In 
this study, the mixture of reducing lactose and non- reducing trehalose 
provided the best results, confirming the processes described above.
The result of cryopreservation using a mixture of trehalose and 
lactose was better than when using sucrose and lactose, although 
trehalose and sucrose are both non- reducing sugars. There are sev-
eral explanations for this finding. Browne et al. (2002) reported that 
trehalose is considered more effective at stabilizing membranes than 
sucrose because of its higher - OH to - C ratio. Aisen et al. (2002) sug-
gested that trehalose could improve the antioxidant action of sperm 
extenders resulting in better protection of the sperm plasma mem-
brane in the cryopreservation of ram sperm by decreasing lipid peroxi-
dation and glutathione consumption. Garcıá de Castro and Tunnacliffe 
(2000) demonstrated that, as an alternative to water molecules, tre-
halose can protect the cell membrane from damage during the in-
terconversion between solid and liquid phases during the freezing 
process. Trehalose acts as a kind of affinity solute in the cells to resist 
changes in osmotic pressure outside the cell membrane. The mecha-
nism by which trehalose protects the cells is closely related to its crys-
tal structure and the physical conformation or chemical properties of 
the solution. In cryopreservation, trehalose can bind strongly to water 
molecules, combine with water in the membrane lipids or replace the 
film bound with water. In this way, trehalose can prevent the loss of 
nutrients and any cell damage caused by water loss and promote the 
characteristics of stable cell membrane and protein structure (Garcıá 
de Castro & Tunnacliffe, 2000). Furthermore, the differences in com-
position between trehalose and sucrose (trehalose is composed of two 
galactose units, while sucrose is composed of galactose and fructose) 
and type of linkage (the two galactose units are linked by α- 1, 2, while 
galactose and fructose are linked by a, a, 1, 1) may also explain why 
they have different effects in the cryopreservation of A. sinensis and 
A. dabryanus sperm.
Plasma membrane Ca2+ ATPase (PMCA) is P- type pumps which 
is important for intracellular Ca2+ homoeostasis, it represents a 
ubiquitous high- affinity system for the expulsion of Ca2+ from the 
cell and are thought to be responsible for the long- term setting and 
maintenance of intracellular Ca2+ levels (Carafoli, 1987, 1991; Kim 
et al., 1998). There is some evidence which suggests that PMCA 
has a regulatory role in the control of sperm motility (Schuh et al., 
2004; Shelly, Aravindan, & Martin- DeLeon, 2010). So it can explain 
why in this study the PMCA2 expression was positively correlated 
with percentage of motile sperm, VCL, VSL and VAP. Enolase ca-
talyses the reversible conversion of 2- phosphoglycerate (2PGA) 
to phosphoenolpyruvate (PEP) in glycolysis and gluconeogenesis. 
Besides in metabolism, there are reports shows that enolase is at 
the external face of the plasma membrane associated with mem-
brane (Quinones et al., 2007), and it could function as plasmino-
gen receptor at the surface of the cell (Avilan et al., 2006; Seweryn 
et al., 2009). So it is not difficult to explain why we found the ex-
pression of ENO3 was positively correlated with plasma membrane 
integrity in A. sinensis.
Predicting sperm quality is one of the principle unresolved chal-
lenges in artificial breeding. Despite many studies of the relationship 
between sperm characteristics and sperm quality, we are still not 
able to predict the outcomes of artificial breeding with certainty. 
Sperm quality prediction was once routinely based on sperm motility 
(Hinting, Comhaire, & Schoonjans, 1988), and then, Neild et al. (1999) 
and Alm et al. (2001) have demonstrated that plasma membrane in-
tegrity measurements can be used for predictors of sperm quality. In 
this study, the relative grey value of ENO3/beta- actin and PMCA2/
beta- actin was increased by the use of the extender supplemented 
with L15T15 in A. sinensis, and this is consistent with the results of the 
above seven sperm quality characteristics. Simultaneously, the cor-
relation analysis results show that ENO3 expression was significant 
positively correlated with plasma membrane integrity, and PMCA2 
expression was significant positively correlated with percentage of 
motile sperm, VCL, VSL and VAP in A. sinensis (p < .05). Integrated the 
above results, we think the relative grey value of ENO3/beta- actin 
or PMCA2/beta- actin can be served as a valuable indicator of sperm 
quality in A. sinensis.
In conclusion, this study suggests that low concentration (0.03 mol/L) 
disaccharide is better for use in sperm cryopreservation of A. sinensis and 
A. dabryanus sperm than high concentration (0.06 mol/L, 0.09 mol/L) 
disaccharide and that 0.015 mol/L lactose + 0.015 mol/L trehalose is 
preeminent in obtaining the best outcomes. Simultaneously, the results 
indicated that using a mixture of disaccharides is better than using a single 
one. In addition, the results suggest that the expression levels of ENO3 
and PMCA2 are consistent with the seven sperm quality characteristics 
and can be served as a valuable indicator of sperm quality in A. sinensis.
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Garcıá de Castro, A., & Tunnacliffe, A. (2000). Intracellular trehalose im-
proves osmotolerance but not desiccation tolerance in mamma-
lian cells. FEBS Letters, 487, 199–202. https://doi.org/10.1016/
S0014-5793(00)02340-1
Glogowski, J., Kolman, R., Szczepkowski, M., Horváth, Á., Urbányi, 
B., Sieczyński, P., … Ciereszko, A. (2002). Fertilization rate of 
Siberian sturgeon (Acipenser baeri, Brandt) milt cryopreserved with 
482  |     XI et al.
methanol. Aquaculture, 211, 367–373. https://doi.org/10.1016/
S0044-8486(02)00003-0
Gómez-Fernández, J., Gómez-Izquierdo, E., Tomás, C., Mocé, E., & de 
Mercado, E. (2012). Effect of different monosaccharides and di-
saccharides on boar sperm quality after cryopreservation. Animal 
Reproduction Science, 133, 109–116. https://doi.org/10.1016/j.
anireprosci.2012.06.010
Gutierrez-Perez, O., Juarez-Mosqueda Mde, L., Carvajal, S. U., & 
Ortega, M. E. (2009). Boar spermatozoa cryopreservation in low 
glycerol/trehalose enriched freezing media improves cellular in-
tegrity. Cryobiology, 58, 287–292. https://doi.org/10.1016/j.
cryobiol.2009.02.003
Hino, T., Takabe, M., Suzuki-Migishima, R., & Yokoyama, M. (2007). 
Cryoprotective effects of various saccharides on cryopreserved mouse 
sperm from various strains. Reproductive Medicine and Biology, 6, 229–
233. https://doi.org/10.1111/j.1447-0578.2007.00190.x
Hinting, A., Comhaire, F., & Schoonjans, F. (1988). Capacity of objectively 
assessed sperm motility characteristics in differentiating between 
semen of fertile and subfertile men. Fertility and Sterility, 50, 635–639. 
https://doi.org/10.1016/S0015-0282(16)60197-8
Holt, W. V. (1997). Alternative strategies for the long- term preservation 
of spermatozoa. Reproduction, Fertility, and Development, 9, 309–319. 
https://doi.org/10.1071/R96082
Huang, X. R., Zhuang, P., Zhang, L. Z., Liu, J. Y., Zhang, T., Feng, G. P., & 
Zhao, F. (2014). Effect of cryopreservation on the enzyme activity 
of Russian sturgeon (Acipenser gueldenstaedtii Brandt & Ratzeburg, 
1833) semen. Journal of Applied Ichthyology, 30, 1585–1589. https://
doi.org/10.1111/jai.12608
Jafaroghli, M., Khalili, B., Farshad, A., & Zamiri, M. J. (2011). The effect of 
supplementation of cryopreservation diluents with sugars on the post- 
thawing fertility of ram semen. Small Ruminant Research, 96, 58–63. 
https://doi.org/10.1016/j.smallrumres.2010.11.010
Jiang, X. P., Wang, S. Q., Wang, W., Xu, Y., Xu, Z., Tang, J. Y., … Zhang, W. 
(2015). Enolase1 (ENO1) and glucose- 6- phosphate isomerase (GPI) 
are good markers to predict human sperm freezability. Cryobiology, 71, 
141–145. https://doi.org/10.1016/j.cryobiol.2015.04.006
Khalili, B., Farshad, A., Zamiri, M. J., Rashidi, A., & Fazeli, P. (2009). Effects 
of sucrose and trehalose on the freezability of markhoz goat sperma-
tozoa. Asian- Australasian Journal of Animal Sciences, 22, 1614–1619. 
https://doi.org/10.5713/ajas.2009.90286
Kim, E., DeMarco, S. J., Marfatia, S. M., Chishti, A. H., Sheng, M., & Strehler, 
E. E. (1998). Plasma membrane Ca2 ATPase isoform 4b binds to 
membrane- associated guanylate kinase (MAGUK) proteins via their 
PDZ (PSD- 95Dlg ZO- 1) domains.pdf. Journal of Biological Chemistry, 
273, 1591–1595. https://doi.org/10.1074/jbc.273.3.1591
Lahnsteiner, F., Berger, B., Horvath, A., & Urbanyi, B. (2004). Studies 
on the semen biology and sperm cryopreservation in the sterlet, 
Acipenser ruthenus L. Aquaculture Research, 35, 519–528. https://doi.
org/10.1111/j.1365-2109.2004.01034.x
Langcong, W., Lijie, Y., Xingan, L., & Bai, K. (1997). Freeze- dried microor-
ganisms and protective agent. Chinese Journal of Microecology, 9, 56.
Leboeuf, B., Restall, B., & Salamon, S. (2000). Production and storage of 
goat semen for artificial insemination. Animal Reproduction Science, 62, 
113–141. https://doi.org/10.1016/S0378-4320(00)00156-1
Leibo, S. P., & Songsasen, N. (2002). Cryopreservation of gametes and em-
bryos of non- domestic species. Theriogenology, 57, 303–326. https://
doi.org/10.1016/S0093-691X(01)00673-2
Li, P., Li, Z.-H., Dzyuba, B., Hulak, M., Rodina, M., & Linhart, O. (2010). 
Evaluating the impacts of osmotic and oxidative stress on common 
carp (Cyprinus carpio, L.) sperm caused by cryopreservation tech-
niques. Biology of Reproduction, 83, 852–858. https://doi.org/10.1095/
biolreprod.110.085852
Lichtenstein, G., Elisio, M., & Miranda, L. A. (2010). Development 
of sperm cryopreservation techniques in pejerrey Odontesthes 
bonariensis. Aquaculture, 306, 357–361. https://doi.org/10.1016/j.
aquaculture.2010.05.016
Liu, L., Wei, Q., Guo, F., Zhang, J., & Zhang, T. (2006). Cryopreservation of 
Chinese sturgeon (Acipenser sinensis) sperm. Journal of Applied Ichthyology, 
22, 384–388. https://doi.org/10.1111/j.1439-0426.2007.00991.x
Malo, C., Gil, L., Gonzalez, N., Cano, R., de Blas, I., & Espinosa, E. (2010). 
Comparing sugar type supplementation for cryopreservation of boar 
semen in egg yolk based extender. Cryobiology, 61, 17–21. https://doi.
org/10.1016/j.cryobiol.2010.03.008
Merkl, M., Ertl, R., Handschuh, S., Aurich, C., & Schafer-Somi, S. (2016). The 
cholesterol transporter ABCA1 is expressed in stallion spermatozoa 
and reproductive tract tissues. Theriogenology, 85, 1080–1089. https://
doi.org/10.1016/j.theriogenology.2015.11.019
Miyaki, K., Nakano, S., Ohta, H., & Kurokura, H. (2005). Cryopreservation 
of kelp grouper Epinephelus moara sperm using only a tre-
halose solution. Fisheries Science, 71, 457–458. https://doi.
org/10.1111/j.1444-2906.2005.00985.x
Molinia, F. C., Evans, G., Quintana Casares, P. I., & Maxwell, W. M. C. 
(1994). Effect of monosaccharides and disaccharides in Tris- based di-
luents on motility, acrosome integrity and fertility of pellet frozen ram 
spermatozoa. Animal Reproduction Science, 36, 113–122. https://doi.
org/10.1016/0378-4320(94)90058-2
Mounib, M. (1978). Cryogenic preservation of fish and mammalian sper-
matozoa. Journal of Reproduction and Fertility, 53, 13–18. https://doi.
org/10.1530/jrf.0.0530013
Moustacas, V. S., Zaffalon, F. G., Lagares, M. A., Loaiza-Eccheverri, A. M., 
Varago, F. C., Neves, M. M., … Henry, M. (2011). Natural, but not ly-
ophilized, low density lypoproteins were an acceptable alternative to 
egg yolk for cryopreservation of ram semen. Theriogenology, 75, 300–
307. https://doi.org/10.1016/j.theriogenology.2010.08.016
Neild, D., Chaves, G., Flores, M., Mora, N., Beconi, M., & Agüero, A. (1999). 
Hypoosmotic test in equine spermatozoa. Theriogenology, 51, 721–
727. https://doi.org/10.1016/S0093-691X(99)00021-7
Nynca, J., Judycka, S., Liszewska, E., Dobosz, S., Grudniewska, J., Arai, 
K., … Ciereszko, A. (2016). Utility of different sugar extenders for 
cryopreservation and post- thaw storage of sperm from Salmonidae 
species. Aquaculture, 464, 340–348. https://doi.org/10.1016/j.
aquaculture.2016.07.014
Oh, S.-A., Ko, M.-H., Kang, T.-Y., Choi, S.-H., Ko, M.-S., Chung, Y.-H., & 
Cho, W.-M. (2012). Effect of adding taurine, hypotaurine and tre-
halose as antioxidants to a tris- based egg yolk extender on korean 
jeju black bull sperm quality following cryopreservation. Journal of 
Animal Science and Technology, 54, 283–290. https://doi.org/10.5187/
JAST.2012.54.4.283
Pan, H., Zhang, L., Lan, J., Zhang, L., Tu, Z., Wang, J., & Guo, Z. (2015). 
The cryoprotective effects of different dioses combination on boar 
spermatozoa quality.pdf. Chinese Agricultural Science Bulletin, 31, 
35–38.
Petit, F. M., Serres, C., Bourgeon, F., Pineau, C., & Auer, J. (2013). 
Identification of sperm head proteins involved in zona pellucida bind-
ing. Human Reproduction, 28, 852–865. https://doi.org/10.1093/
humrep/des452
Psenicka, M., Dietrich, G. J., Wojtczak, M., Nynca, J., Rodina, M., Linhart, 
O., … Ciereszko, A. (2008). Acrosome staining and motility character-
istics of sterlet spermatozoa after cryopreservation with use of meth-
anol and DMSO. Cryobiology, 56, 251–253. https://doi.org/10.1016/j.
cryobiol.2008.03.006
Purdy, P. H. (2006). A review on goat sperm cryopreservation. Small 
Ruminant Research, 63, 215–225. https://doi.org/10.1016/j.
smallrumres.2005.02.015
Quinones, W., Pena, P., Domingo-Sananes, M., Caceres, A., Michels, P. A., 
Avilan, L., & Concepcion, J. L. (2007). Leishmania mexicana: Molecular 
cloning and characterization of enolase. Experimental Parasitology, 116, 
241–251. https://doi.org/10.1016/j.exppara.2007.01.008
     |  483XI et al.
Rahman, M. S., Kwon, W. S., & Pang, M. G. (2017). Prediction of male fer-
tility using capacitation- associated proteins in spermatozoa. Molecular 
Reproduction and Development, 84, 749–759. https://doi.org/10.1002/
mrd.22810
Schiza, C. G., Jarvi, K., Diamandis, E. P., & Drabovich, A. P. (2014). An 
emerging role of TEX101 protein as a male infertility biomarker.pdf. 
International Federation of Clinical Chemistry and Laboratory Medicine, 
25, 9–26.
Schuh, K., Cartwright, E. J., Jankevics, E., Bundschu, K., Liebermann, J., 
Williams, J. C., … Neyses, L. (2004). Plasma membrane Ca2 +  ATPase 
4 is required for sperm motility and male fertility. The Journal of 
Biological Chemistry, 279, 28220–28226. https://doi.org/10.1074/jbc.
M312599200
Seweryn, E., Pietkiewicz, J., Bednarz-Misa, I., Ceremuga, I., Saczko, J., 
Kulbacka, J., & Gamian, A. (2009). Localization of enolase in the sub-
fractions of a breast cancer cell line. Zeitschrift fur Naturforschung 
Section C- A Journal of Biosciences, 64, 754–758.
Shelly, K., Aravindan, R., & Martin-DeLeon, P. (2010). Localization of human 
sperm PMCA4b which is required for normal motility in mouse sperm. 
The FASEB Journal, 24, 699–709.
Tempel, B. L., & Shilling, D. J. (2007). The plasma membrane calcium ATPase 
and disease. Calcium Signalling and Disease, 45, 365–383. https://doi.
org/10.1007/978-1-4020-6191-2
Tsai, S., Chong, G., Meng, P.-J., & Lin, C. (2017). Sugars as supplemental cryo-
protectants for marine organisms. Reviews in Aquaculture, 1–13. https://
doi.org/10.1111/raq.12195
Tsvetkova, L. I., Cosson, J., Linhart, O., & Billard, R. (1996). Motility and 
fertilizing capacity of fresh and frozen- thawed spermatozoa in stur-
geons Acipenser Baeri and A. ruthenus. Journal of Applied Ichthyology, 
12, 107–112. https://doi.org/10.1111/j.1439-0426.1996.tb00071.x
Wei, Q., Ke, F. E., Zhang, J., Zhuang, P., Luo, J., Zhou, R., & Yang, W. (1997). 
Biology, fisheries, and conservation of sturgeons and paddlefish 
in China. Environmental Biology of Fishes, 48, 241–255. https://doi.
org/10.1023/A:1007395612241
Woelders, H., Matthijs, A., & Engel, B. (1997). Effects of trehalose and su-
crose, osmolality of the freezing medium, and cooling rate on viability 
and intactness of bull sperm after freezing and thawing. Cryobiology, 
35, 93–105. https://doi.org/10.1006/cryo.1997.2028
Yildiz, C., Kaya, A., Aksoy, M., & Tekeli, T. (2000). Influence of sugar supple-
mentation of the extender on motility, viability and acrosomal integ-
rity of dog spermatozoa during freezing. Theriogenology, 54, 579–585. 
https://doi.org/10.1016/S0093-691X(00)00373-3
How to cite this article: Xi MD, Li P, Du H, Qiao XM, Liu ZG, 
Wei QW. Disaccharide combinations and the expression of 
enolase3 and plasma membrane Ca2+  ATPase isoform in 
sturgeon sperm cryopreservation. Reprod Dom Anim. 
2018;53:472–483. https://doi.org/10.1111/rda.13134
